Carnitine, a structurally choline-like metabolite, has been used to increase athletic performance, although its effects on neuromuscular transmission have not been investigated. It is present in skeletal muscle and its plasma levels are about 30 to 90 µM. Using rat phrenic nerve diaphragm preparations indirectly and directly stimulated with high rate pulses, D-carnitine (30 and 60 µM), L-carnitine (60 µM) and DL-carnitine (60 µM) were shown to induce tetanic fade (D-carnitine = 19.7 ± 3.1%, N = 6; L-carnitine = 16.6 ± 2.4%, N = 6; DL-carnitine = 14.9 ± 2.1%, N = 6) without any reduction of maximal tetanic tension. D-carnitine induced tetanic fade in neuromuscular preparations previously paralyzed with d-tubocurarine and directly stimulated. The effect was greater than that obtained by indirect muscle stimulation. Furthermore, previous addition of atropine (20 to 80 µM) to the bath did not reduce carnitine isomer-induced tetanic fade. In contrast to D-carnitine, the tetanic fade induced by L-and DLcarnitine was antagonized by choline (60 µM). The combined effect of carnitine isomers and hemicholinium-3 (0.01 nM) was similar to the effect of hemicholinium-3 alone. The data suggest that L-and DLcarnitine-induced tetanic fade seems to depend on their transport into the motor nerve terminal. 
Introduction
Carnitine is a quaternary amine (3-OH-4-N-trimethyl-aminobutyric acid) synthesized in the human body from lysine and methionine (1, 2) . Although carnitine is endogenously produced in the brain, kidney and liver, it may also be found in milk, fish, eggs and meat (3) (4) (5) (6) (7) (8) . Carnitine is also found in skeletal muscle and in the heart, but its presence in these tissues depends on blood flow (9) . The normal plasma concentration of carnitine in humans ranges from 30 to 90 µM, being 10-15% as acylcarnitine and 85-90% free (10) . Since it is an important metabolic substance, carnitine facilitates burning of fatty acids as well as the mitochondrial transport of long-chain fatty acids, which, in turn, are important for ß-oxidation (11) (12) (13) . Carnitine is structurally similar to choline, a substrate for acetylcholine synthesis (14, 15) , and has been used as a supplemental agent to increase performance in cardiovascular and renal diseases (16, 17) and in lipid storage myopathies associated with muscle fatigue and low carnitine content in skeletal muscle (18) (19) (20) . Carnitine is found in L-and Disomeric forms, but only its L-isomeric form has been described as active (5) (6) (7) (8) (9) (10) . Although inactive, D-carnitine may competitively inhibit the utilization of L-carnitine by different tissues (1) .
Acetylcholine, in addition to acting on subsynaptic membranes, also stimulates nicotinic and muscarinic presynaptic receptors increasing or reducing its own output, respectively (21) (22) (23) . When the motor nerve is stimulated at high frequency rates (>100 Hz), contraction is not sustained and produces a characteristic myographic record called fade of transmission, tetanic fade or Wedensky inhibition (24) . This effect is also observed at frequencies lower than 100 Hz when the neuromuscular preparations are pretreated with anticholinesterase or antinicotinic agents (21, 23) . Drug-induced tetanic fade may be produced by activation of presynaptic muscarinic receptors, since atropine antagonizes the tetanic fade induced by anticholinesterase or antinicotinic agents (23) . On the other hand, reduction in maximal tetanic tension not followed by tetanic fade is obtained in preparations indirectly stimulated when drugs block the postsynaptic nicotinic receptors (21, 23) .
It has been recently proposed that carnitine might be useful to increase athletic performance (25) (26) (27) , but its effects on neuromuscular transmission have not been investigated. Since skeletal muscle contains high levels of carnitine (28) , and the latter is structurally similar to choline, the present research was undertaken to determine the effects of carnitine on neuromuscular transmission in rats.
Material and Methods

Neuromuscular preparation
Phrenic nerve and diaphragm muscle were isolated from male Wistar rats (200-250 g) and assembled according to the method of Bülbring (29) . Each muscle was immersed in a 30-ml chamber containing Krebs buffer: 188 µM NaCl, 47 µM KCl, 1.9 µM CaCl 2 , 1.2 µM MgSO 4 , 25 µM NaHCO 3 , 1.2 µM KH 2 PO 4 , and 11 µM glucose, at 37ºC and continuously aerated with a mixture of oxygen (95%) and carbon dioxide (5%). The phrenic nerve was stimulated with a bipolar platinum electrode applying a supramaximal rectangular pulse (0.2 Hz, 0.05 ms). Muscle contractions were recorded with an Ugo Basile polygraph.
Experimental design and data analysis
In some experiments the standard rate of stimulation was 0.2 Hz. However, stimulation at a higher rate (tetanic) was also applied to the nerve for 10 s at 10-min intervals. The tension produced at the beginning of tetanic stimulation (A) was compared with that obtained at the end of tetanic stimulation (B) (Figure 1 ). The stimulation rate (F) (180-200 Hz) required to obtain a 0.50 ratio (R = B/A) was determined for each preparation, and F/2 was used throughout the experiments. L-carnitine, DL-carnitine, D-carnitine, or hemicholinium-3 (2,2'-{4,4'-biphenylene}-bis-{2-hydroxy-4,4-dimethylmorpholinium bromide}) was then added to the organ bath, and F/2 was repeated at t = 10, 20, 30, 40, 50 and 60 min. The nutrient solution in the bath was replaced with drugfree Krebs buffer (four times) at t = 60, and the R-ratio was recorded at t = 70 and 80 min. The same sequence was repeated with atropine or choline, which was added 10 min prior to L-, DL-, or D-carnitine. The R-ratio obtained after drug addition was calculated as the percentage of that observed before drug administration. The lowest concentration of each agent was determined and added to the bath.
The unpaired Student t-test was used for comparison of the data, with the level of significance set at P < 0.05. A similar experimental design was used with directly stimulated neuromuscular preparations (previously paralyzed with d-tubocurarine).
Drugs
The following drugs were used: L-carnitine hydrochloride, DL-carnitine hydrochloride, D-carnitine hydrochloride, atropine sulfate, hemicholinium-3 bromide, d-tubocurarine chloride, and choline bromide (Sigma, St. Louis, MO, USA).
Results
L-carnitine (60 µM), DL-carnitine (60 µM) and D-carnitine (30 µM) produced Wedensky inhibition in preparations indirectly stimulated with 90-to 100-Hz rectangular pulses. These were the lowest concentrations that induced reduction of R-values ( Figure 2A , B and C). Concentrations higher than those studied induced higher tetanic fade (data not shown), although they were higher than any physiological concentration (10) . R-value reduction induced by 60 µM L-carnitine, 60 µM DL-carnitine and 30 µM D-carnitine was observed 10 min after drug administration and remained below control levels up to 40 min before the nutrient solution was replaced with drug-free Krebs buffer ( Figure 2A , B and C). Although R-value reduction by 60 µM D-carnitine was re- Hemicholinium-3 (0.01-1 nM) produced a dose-dependent tetanic fade in indirectly stimulated preparations and 10 pM hemicholinium-3 was the lowest concentration studied that reduced R-values ( Figure 4 ). Hemicholinium-3-induced R-value reduction was observed 10 min after drug administration and remained below control levels until the nutrient solution was replaced with drugfree Krebs buffer (Figure 4) . Hemicholinium-3 did not decrease maximal tetanic tension (A component of R) when compared to control (data not shown).
The combined effect of L-carnitine, DLcarnitine or D-carnitine with hemicholinium-3 was investigated. No synergistic effect was observed for combinations of these drugs. The combined effects were similar to the effect of hemicholinium-3 alone ( Figure 5A , B, C and D).
The effects induced by 60 µM L-carnitine or 60 µM DL-carnitine were antagonized by the previous addition of 60 µM choline to the bath ( Figure 6 ). Similarly, although 120 µM choline was added to the bath, the effect of D-carnitine was not antagonized by choline ( Figure 6 ).
Discussion
L-carnitine (60 µM) and DL-carnitine (60 µM) reduced R-values (tetanic fade), but this effect was not followed by a reduction of maximal tetanic tension when preparations were stimulated indirectly at 100 Hz. The same agents did not produce any change in R-values when the preparations, previously These results indicate that tetanic fade induced by L-and DL-carnitine has its origin at the presynaptic level since a reduction in maximal tetanic tension is obtained when drugs block the postsynaptic nicotinic receptors (21, 23) . On the other hand, 30 and 60 µM D-carnitine reduced R-values without reducing maximal tetanic tension when the preparations were directly or indirectly stimulated. Therefore, the tetanic fade induced by D-carnitine seems to depend on its action on skeletal muscle. In contrast, it was also observed that the effects induced by D-carnitine were lower in the experiments performed with indirect muscle stimulation.
The data suggest that D-carnitine acting at the presynaptic level was able to reduce the action of D-carnitine on skeletal muscle. The possibility that tetanic fade induced by D-carnitine in indirectly stimulated preparations arises from an action on postsynaptic nicotinic receptors seems unlikely because no reduction of maximal tetanic tension was recorded (21, 23) . R-value reduction induced by 60 µM Lcarnitine, 60 µM DL-carnitine and 30 µM Dcarnitine in indirectly stimulated preparations was observed 10 min after drug administration and remained below control levels until 40 min before the nutrient solution was replaced with drug-free Krebs buffer. In contrast, R-value reduction by 60 µM D-carnitine was also observed 10 min after drug administration in indirectly stimulated preparations. However, it remained below control levels until the nutrient solution was replaced with drug-free Krebs buffer. R-value reduction induced by 60 µM D-carnitine appeared earlier (t = 1 min) when preparations were stimulated directly. Therefore, the difference observed with indirect muscle stimulation might depend on a longer duration of enzymatic blockade induced by 60 µM Dcarnitine in skeletal muscle, since D-carnitine has been reported to block carnitine acetyltransferase activity in muscle, thereby reducing the burning of fatty acids as well as the mitochondrial transport of long-chain fatty acids (11) (12) (13) .
Previous administration of 20 to 80 µM atropine, an antimuscarinic agent (30), did not antagonize the effects induced by Lcarnitine, DL-carnitine or D-carnitine. Such results indicate that the reduction in R-values induced by different forms of carnitine was not produced by interaction with inhibitory presynaptic muscarinic receptors since stimulation of such receptors induces tetanic fade (23) .
In contrast, studies with hemicholinium-3 showed that the agent, as well as L-, DL-and D-carnitine, reduced R-values without any reduction of maximal tetanic tension in indirectly stimulated preparations. The effect of hemicholinium was dose dependent, indicating that choline uptake was not completely inhibited by 0.01 nM hemicholinium-3. If Land DL-carnitine reduced transport of choline acting at different sites or at sites similar to those blocked by hemicholinium, a synergistic effect would have been expected when the experiments were performed with a combination of 0.01 nM hemicholinium and Lor DL-carnitine. However, such synergism was not observed, suggesting that the effects recorded with L-and DL-carnitine might depend on transport of L-and DL-carnitine into the nerve. This hypothesis is supported by results indicating that carnitine is soluble in water and its transport across the cell membrane via passive diffusion is unlikely (31) . Therefore, since carnitine is structurally similar to choline (14, 15) it is possible that the antagonism recorded in the experiments with choline probably occurred in the nerve and that the tetanic fade induced by Land DL-carnitine was produced by competition with endogenous choline, thereby reducing the synthesis of acetylcholine by choline acetyltranferase. It is also possible to hypothesize that the addition of choline to the bath also reduced the neuronal transport of L-and DL-carnitine since the tetanic fade produced by such agents was abolished by previous addition of choline to the bath. The transport of L-and DL-carnitine into the motor nerve terminal might be produced by interaction of carnitine isomers at sites different from those used by choline since the choline transporter has sites with high and low affinity for choline (32) . Furthermore, the tetanic fade induced by D-carnitine was not modified by previous treatment of the preparations with choline, suggesting that the presynaptic action of D-carnitine might be determined by mechanisms other than those suggested for L-and DL-carnitine. However, it is possible to propose that the presynaptic effects of D-carnitine also depended on its neuronal uptake since the effects induced by hemicholinium alone were not different from those recorded in association with D-carnitine.
The literature demonstrates that only Lcarnitine is active (5-10), but D-carnitine may competitively inhibit the utilization of L-carnitine by different tissues (1) . This interaction might have occurred since the tetanic fades induced by L-carnitine and DLcarnitine were similar and since it has been shown that in skeletal muscle cells the K m value for L-carnitine uptake is higher than when D-carnitine is administered in combination (9) . On the other hand, the muscular effects induced by the D-isomer might be produced by a reduction in cellular metabolism since this agent competitively inhibits the carnitine acetyltransferase activity, thereby reducing the burning of fatty acids as well as the mitochondrial transport of longchain fatty acids (11) (12) (13) .
Taken together, the present results suggest that tetanic fade induced by L-and DLcarnitine depends on the transport of L-carnitine into the motor nerve terminal, reducing the synthesis of acetylcholine by probable competition with endogenous choline. Besides, the tetanic fade induced by D-carnitine might also depend on D-carnitine transport into the terminal, but the presynaptic action of the agent may be different from those hypothesized for it. Since different carnitine isomers reduced the neuromuscular transmission, caution is recommended for their use in the treatment of neurological disorders and/or as agents for enhancing athletic performance.
